The lifelong spermatogonial stem cell divisions unique to male germ cell production are thought to contribute to a higher mutation frequency in males. The fact that certain de novo human genetic conditions (e.g., achondroplasia) increase in incidence with the age of the father is consistent with this idea. Although it is assumed that the paternal age effect is the result of an increasing frequency of mutant sperm as a man grows older, no direct molecular measurement of the germ-line mutation frequency has been made to confirm this hypothesis. Using sperm DNA from donors of different ages, we determined the frequency of the nucleotide substitution in the fibroblast growth factor receptor 3 (FGFR3) gene that causes achondroplasia. Surprisingly, the magnitude of the increase in mutation frequency with age appears insufficient to explain why older fathers have a greater chance of having a child with this condition. A number of alternatives may explain this discrepancy, including selection for sperm that carry the mutation or an age-dependent increase in premutagenic lesions that remain unrepaired in sperm and are inefficiently detected by the PCR assay.
G
eneticists and evolutionary biologists debate the extent to which the lifelong spermatogonial stem cell divisions unique to male gametogenesis contribute to a higher mutation frequency in males (1) (2) (3) (4) (5) (6) (7) (8) . One source of support for the hypothesis that mutations increase with spermatogonial stem cell divisions comes from the observation of certain human genetic conditions where the incidence of new mutations increases with the age of the father. Epidemiological studies on a number of dominantly inherited conditions indicate that the average age of the fathers is older among unaffected couples having a child with the condition (a sporadic case caused by a new mutation), than the average paternal age in the population (1, 2, 4, 7) . Achondroplasia, the most common form of dwarfism, is one of these conditions (9) (10) (11) . Studies on sporadic achondroplasia cases have reported an exponential increase with paternal age (1, 2, 4, 7, 10) .
In mice, a significant increase in the overall male germ cell mutation frequency as measured by the lacI assay was observed between 15 and 28 months of age (12) . In humans, no direct molecular measurement of how germ-line nucleotide substitution frequencies change with age exists. Achondroplasia provides a unique opportunity to directly test the relationship between paternal age and sperm mutation frequency at the molecular level. First, 97-99% of the de novo mutations leading to this condition result from a G-to-A transition mutation at base pair 1138 (G1138A) in exon 10 of fibroblast growth factor receptor 3 (FGFR3) (13) (14) (15) . The cytosine at base pair 1138 is part of a CpG dinucleotide and, if methylated, is highly susceptible to mutation caused by spontaneous deamination (16) . Second, all sporadic achondroplasia cases have been found to inherit the G1138A mutation from their father (17) . Third, recent data on the population incidence of sporadic achondroplasia (10, (18) (19) (20) predict the average frequency of sperm carrying the mutation in normal individuals will be in a range detectable by modern molecular methods (1͞15,000 to 1͞70,000). Our studies on sperm DNA from men of different ages suggest that the observed increase in G1138A mutation frequency cannot satisfactorily explain the exponential increase in sporadic achondroplasia cases with paternal age.
Methods
Sources of Semen Samples and DNA. Semen samples were collected according to protocols approved by the institutional review boards of the University of Southern California (USC) (60 donors; mean age 40.65 years, range ) and the University of California (Berkeley) and Lawrence Livermore National Laboratory (LNLL) (58 donors; mean age 41.66 years, range . At least 90% of the donors were of European ancestry. Pooled human blood DNA (catalog no. 6550-1) used in the standards was purchased from CLONTECH. The DNA cell line (NA08859; see below) homozygous for the G1138A mutation was obtained from Coriell Cell Repositories, Camden, NJ.
Sperm DNA Quantitation. We quantitated the number of genomes containing the single-copy FGFR3 gene by using real-time or kinetic PCR (kt-PCR; ref. 21 ). An initial denaturation step at 94°C for 10 min was followed by cycling conditions of 94°C for 40 s and 66°C for 1 min. Reactions were carried out in 50 l containing 1ϫ Taq Gold Buffer (15 mM Tris⅐HCl͞50 mM KCl at pH 8.0), 1.25 units of Taq Gold, 2 mM MgCl 2 , 80 M of each dNTP, and 0.2 M forward (5Ј-aggagctggtggagctga-3Ј) and reverse primer (5Ј-tgcgcaggcggcagagcgtc-3Ј), 0.2ϫ SYBR Green I (Molecular Probes), and 2 M 5,6 ROX dye (Sigma). kt-PCR was performed on a GeneAmp 5700 Sequence Detection System (Applied Biosystems).
Quantitation of G1138A Mutations in Sperm DNA. Sperm DNA was extracted from all semen samples by using Puregene DNA Isolation Kits (Gentra Systems). The concentration and purity of the sperm DNA samples was determined spectrophotometrically after HaeIII or BseDI digestion to reduce the DNA viscosity. Neither enzyme has a recognition sequence in the amplification target. Sperm DNA from 1͞3 of the samples was also quantitated by using kt-PCR (see above). This process confirmed the accuracy of the OD measurements.
In the first step of the assay, FGFR3 fragments containing base ) and reverse primer (5Ј-tgcgcaggcggcagagcgtc-3Ј). In the second step, 20 units of MspI was added to the amplification reaction and incubated for 30 min at 37°C followed immediately by 16 additional amplification cycles. The amount of PCR product produced in these 24 cycles was confirmed by kt-PCR. In the third step, two 5-l aliquots of a 40-fold dilution of each of the above duplicates were analyzed by using allelespecific kt-PCR (22) . The reactions contained 0.1 M of mutantspecific primer (5Ј-atgcaggcatcctcagctaca-3Ј) and reverse nested primer (5Ј-gccgccaccaccaggatgaac-3Ј), 0.8 units of Taq Gold, 1ϫ Taq Gold buffer, 3.5 mM MgCl 2 , 50 M of each dNTP, 0.2ϫ SYBR Green I, and 2 M 5,6 ROX dye in a total volume of 50 l. An initial Taq Gold activation step was followed by 35 cycles of 40 s at 94°C for denaturation and 60 s at 68°C for annealing and extension. To confirm that the PCR product was the one desired and not an amplification artifact (e.g., primer-dimer), we used the GeneAmp 5700 denaturation profile function to examine every allele-specific reaction.
To avoid carryover contamination by PCR product, each step of the protocol was carried out in a different biological safety cabinet UV-irradiated for 60 min. The kt-PCR tubes were discarded unopened. The controls with no DNA were not positive in any experiment. Finally, the first 1͞3 of the data from sperm samples throughout the age range was collected by using the UNG protocol for preventing PCR contamination (Amersham Pharmacia).
In each experiment the standards also consisted of four measurements each of three different amounts (15, 45 , and 135 copies or 20, 60, and 180 copies) of G1138A genomes from the homozygous achondroplasia cell line diluted in blood cell DNA (1 g). Blood DNA alone also served as a control in every experiment. Note that the number of G1138A mutants estimated for any sperm sample by using the standard curve can be taken as an estimate of the true value without any additional corrections because the blood DNA in the standards are subject to the same background-producing PCR processes as sperm DNA (see below). The number of G1138A mutants per g of DNA defines the ''counts'' for any sample.
PCR Product Quantitation. The number of PCR templates in a 5-l aliquot of a 1:40 dilution of the PCR product made in the first two steps of the assay was quantitated by kt-PCR. Each 50-l reaction contained 1ϫ Taq Gold Buffer, 1 unit of Taq Gold, 2 mM MgCl 2 , 80 M of each dNTP, and 0.2 M forward primer (5Ј-tgtgtatgcaggcatcctcagctcc-3Ј) and reverse primer (5Ј-gccgccaccaccaggatgaac-3Ј), 0.2ϫ SYBR Green I, and 2 M 5,6 ROX dye. Amplification followed an initial Taq Gold activation step (10 min at 94°C) and cycling conditions of 40 s at 94°C and 60 s at 68°C.
BfmI Digestion Experiments. Duplicate aliquots, each containing 1 g of sperm DNA or standards consisting of blood DNA with known amounts of added G1138A genomes (180, 60, and 20 copies), were incubated with 5 units of active or heat-inactivated BfmI enzyme (Fermentas, Hanover, MD) overnight at 37°C. Each sample was analyzed 6-8 times by our assay.
Accuracy of the Assay. Coded samples with known numbers of genomes with the G1138A mutation were mixed with 1 g of blood DNA. The counts in the mixtures were determined by using the same series of standards and number of replicates used to measure the number of G1138A mutations in the sperm samples.
Sensitivity of Allele-Specific PCR. Reconstruction experiments were used to determine the sensitivity of the allele-specific kt-PCR step. PCR product obtained by amplifying the homozygous achondroplasia cell line DNA was mixed with blood DNA PCR product. Both PCRs used the same conditions as in the first two steps of the assay except there was no MspI digestion. We found that the ratio of one G1138A template per 600 WT templates can be distinguished from WT templates alone by a difference of two PCR cycles (data not shown). This is equivalent to detecting one G1138A mutant in 20,000 genomes because the MspI digestion in assay step two increases the ratio of mutant to WT by Ϸ35-fold.
Data Collection and Analysis. In each experiment, two 1-g aliquots of sperm DNA per individual from 6-10 different donors of varying ages were analyzed. The allele-specific step for each aliquot was done in duplicate. The mean of the four measurements was taken as the count for that sperm donor in that experiment. The final count for any donor was calculated by taking the median of the count values obtained in different experiments. In our first statistical analysis we assume that the assay produced an unbiased estimate of the true counts in any sperm sample.
Relationship Between Sporadic Achondroplasia Births and Mutation
Frequency. Comparison of the sperm G1138A mutation counts with the data on sporadic achondroplasia cases was made by using seven age groups (in 5-year intervals from ages 18 to 49 and a 10-year interval of 50-59 years). From the observed number of affected births in the various age groups, we computed the proportion of all affected births that occurred in each age group. The mean of the measured counts for the donors in a given age group i, when divided by 300,000, represents the proportion P(MԽi) of all sperm in age group i that are mutant. For comparison to the birth data, we needed to compute the proportion P(iԽM) of all mutants involved in births that belonged to fathers in age group i. To compute the quantity P(iԽM), we used the quantities P(MԽi) from our experimental data, along with the quantities P(i), which represent the proportion of all births that occur to fathers in age group i. We first computed P(M), the proportion of all births that involve a mutant sperm, by summing the products P(MԽi) P(i) over all age groups i. Then P(iԽM) was computed from the equation P(iԽM) ϭ P(MԽi)P(i)͞ P(M). We calculated the predicted age distribution of the separate USC and LNLL cohorts in the same way except for compensating for their lower sample size.
To test the relationship between the birth data and our sperm data, we performed a generalized likelihood ratio test by using age categories. We used a Student's t distribution for each age-specific mean mutant frequency, after normalizing by its sample standard error. The observed numbers of births in the age categories were treated as multinomial. Because there are seven age groups, there are 13 parameters: seven mutant frequency means and six free parameters for the multinomial distribution. Under the null hypothesis, each of the multinomial probabilities can be expressed as a function of the mutant count means, leaving only seven parameters. The log likelihood ratio has a nominal 2 distribution with 6 degrees of freedom. To account for the possibility that the distribution of age-specific mean mutant frequencies may not be well approximated with a Student's t distribution, we used the bootstrap to approximate the P value of the log likelihood ratio. We performed 10,000 bootstrap iterations. For each iteration, we drew a sample with replacement from each of the seven age groups to represent a bootstrap sample of mutant counts. We then created a bootstrap sample of observed births by generating a multinomial vector with probabilities proportional to the original age-specific mutant count means. We then computed the log likelihood ratio for the bootstrap data set consisting of these two bootstrap samples.
The 10,000 bootstrap iterations provided us with 10,000 values of the log likelihood ratio. The proportion of these 10,000 values that exceeded the value obtained from the real data were used to estimate the P value.
The sample sizes in the individual LLNL and USC cohorts were too small to bootstrap. We therefore used the 2 distribution with 6 degrees of freedom. Note that the bootstrap results from the complete data set suggested that the 2 approximation for the pooled data are actually fairly good. For each of the seven age groups we calculated the P value to measure the significance of the difference between the observed and expected numbers of births by using a two-sample t test.
Results
Characterization of the Specificity and Sensitivity of the Assay. We determined the frequency of the G1138A mutation in sperm samples by using PCR. Sperm DNA was extracted and the frequency of genomes carrying the G1138A mutation was estimated by using a three-step protocol. First, an FGFR3 fragment containing base pair 1138 was amplified by using 1 g (300,000 genomes) of sperm DNA. The initial proportion of mutant to WT genomes is unchanged. As a result of PCR primer design, a MspI site was created in WT PCR products, but not in products containing the G1138A mutation. In the second step, MspI was added to the PCR to digest WT products. This process increased the mutant-to-WT ratio Ϸ35-fold (data not shown). The digestion was followed by additional PCR cycles. In the final step, real-time or kt-PCR (21) is used to quantitate the number of mutant templates with a primer whose 3Ј base matches the mutant base at 1138, but not the WT base. To measure the number of G1138A mutations, sperm DNA was compared with standards consisting of a constant amount of blood cell DNA (a pool from Ͼ500 individuals) mixed with varying numbers of genomes from a human cell line homozygous for the G1138A mutation.
The accuracy of the method was determined by assaying coded samples containing 1 g of blood DNA with known numbers of added G1138A mutants by using the standards discussed above. Fig. 1 compares the measured number of G1138A mutants per 300,000 blood cell genomes or counts to the actual input number of mutant genomes. The assay is quite accurate down to about 15 counts. Below 15 counts, the measured values tend to overestimate the true copy number because blood DNA with no added mutants gave an average value of 11 counts [95% confidence interval (C.I.) 10, 12] . This background could result from the presence of G1138A mutants present in blood DNA or PCR artifact. At the high temperatures of PCR, deamination of the cytosine opposite the guanine at base pair 1138 could produce either a T or a U depending on whether the C was or was not methylated at the 5Ј position, respectively. Both deamination products would be a template for the incorporation of dATP and create mutant PCR product. Second, PCR misincorporation by Taq polymerase could also result in G1138A product. Finally, during kt-PCR, the G1138A mutant-specific primer might get extended rarely on nonmutant templates.
We asked whether PCR artifact rather than the presence of real G1138A mutants gave the background signal in blood DNA alone (data not shown). A fragment from a WT FGFR3 gene was cloned into a plasmid in Escherichia coli. The mutation assay was carried out by using 300,000 copies of the plasmid (in 1 g of salmon sperm DNA) and compared with two sets of standards. One set was the same as described for G1138A mutation analysis in sperm DNA. The second set contained 300,000 copies of the plasmid (plus 1 g salmon sperm DNA) and varying amounts of human achondroplasia genomes. Using either standard set, WT plasmid had approximately the same mutation frequency (Ϸ1͞27,000) as blood DNA alone. The frequency of a GC to AT mutation at a single nucleotide site measured in an E. coli reversion assay is Ϸ10 Ϫ8 (23) , and thus any sample of 300,000 plasmids is highly unlikely to contain any G1138A mutants. This finding suggests that the PCR assay is responsible for the production of the background counts in blood DNA. The same background value was obtained when the plasmids were enzymatically methylated with SssI (New England Biolabs) at the cytosines of CpG sites. Even boiling the methylated DNA for 10 min did not increase the background even though deamination of 5-methyl cytosine increases substantially with temperature. These data suggest that deamination during PCR does not increase the assay signal. We also found that cytosine methylation levels at base pair 1138 were the same in young and old sperm donor DNA (and blood DNA). Thus, differences in G1138A mutation frequency between young and old donors are not the result of different susceptibilities to PCR-induced deamination events at the cytosine of base pair 1138. We do not know to what extent the background is caused by the accumulation of G1138A PCR products arising during the first two assay steps or to misextensions of the mutant-specific primer on WT templates during kt-PCR (step 3). Artifact production during the latter step may be more likely because the background level did not change when a mixture of proofreading and nonproofreading polymerases was used in the first PCR step.
Control experiments to confirm that sperm samples with counts above background reflected real G1138A mutations were carried out by digesting sperm DNA with BfmI before beginning the assay (data not shown). This enzyme only cuts the recognition site that includes base pair 1138 if the GC bp has been mutated to AT and thus renders templates carrying the G1138A mutation unamplifiable. Sperm samples from two 20-year-old individuals (23 and 27 counts) and two from donors over 50 years (42 and 58 counts) were analyzed. A highly significant reduction (P ϭ 1.28 ϫ 10 Ϫ11 ) in counts was seen when samples incubated with BfmI were compared with samples incubated with inactivated enzyme. We showed by kt-PCR that the difference between samples with active and inactive enzyme was not caused by either promiscuous BfmI ''star'' activity in the active enzyme (BfmI did not digest our WT FGFR3 template) or a difference in PCR efficiency. BfmI digestion reduced the G1138A counts in the sperm samples with the highest counts by 85% but only by 65% in the young donors. This result is expected because the closer the count value is to the background of the assay the more difficult it is to observe a reduction in mutation frequency. These results confirm that our assay detects GC to AT mutations at base pair 1138 in sperm DNA.
Analysis of Sperm DNA Samples. We analyzed the G1138A levels in 118 individual unaffected donors ranging in age from 18 to 80 years. The frequency of G1138A mutant counts, averaged over all ages, was 28 or 1͞11,000 haploid genomes. Each sperm DNA sample was subjected to an average of 7.2 independent measurements (range 5-14) distributed among 3-6 experiments (average 3.7) in which each sample and standard series was analyzed in duplicate. See Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org, for the complete data set.
The sperm G1138A mutation counts for all donors is presented as a function of age in Fig. 2 . There is little evidence for a change in the frequency of mutant sperm between the ages of 18 and 40 or between the ages of 55 and 80 years. However, an Ϸ2-fold increase between these two age groups occurs between 40 and 55 years. Because the change in mutation frequency is concentrated in one age range, neither a simple linear nor exponential model of mutation increase was found to fit the data satisfactorily (see Supporting Text, which is published as supporting information on the PNAS web site). Variation between individuals appears greater for those donors Ͼ45 years. This finding could be a consequence of population variation in a trait that influences mutation rate in an age-dependent manner because of a genetic or environmental factor. Preliminary assays based on a slightly different detection methodology [using allele-specific ligation (24, 25) in the last assay step] showed similar age trends as in Fig. 2 (data not shown) .
To rigorously compare the sperm G1138A mutation results with the observed birth data we first used the sperm mutation frequencies of all donors between 18 and 59 years (only a small fraction of achondroplasia births come from fathers Ͼ59 years) to predict the frequency of sporadic achondroplasia births that might be expected for fathers in this 41-year age range. This critical comparison must fully account for the variation in count estimates both within and between individuals. Fig. 2 shows the median count value for each individual as well as the sample mean and 95% C.I. for the population mean for the members of each age group. Note the small inter-individual variation in counts found within each of the eight relevant age groups (the difference between the upper and lower bounds of the 95% C.I. is less than 2-fold). The fact that each age group is composed of many individuals reduces the significance of intra-individual variation in the PCR assay.
Our null hypothesis is that the probability that a father has a child with sporadic achondroplasia is proportional to his sperm G1138A mutation frequency at his age at conception. This prediction assumes that the sperm mutation properties of our donors are indistinguishable from fathers of children with achondroplasia. The age distribution of all sperm donors 18-59 years old and their G1138A counts were used to compute the age distribution of sperm donors expected to father children with sporadic achondroplasia. This distribution was then compared with the actual age distribution by using the data on sporadic achondroplasia from the studies reviewed by Risch et al. (7) .
As shown in Table 1 , the observed number of achondroplasia births to fathers under 30 is smaller than would be predicted by the G1138A mutation frequency, whereas the observed number of births to fathers Ͼ35 is more than predicted. To test the null hypothesis we performed a generalized likelihood ratio test (see Methods). The P values from this test took into account the variation in counts within each age group (including that caused by intra-individual variation). To approximate the P value of the log likelihood ratio we created a bootstrap sample of mutant counts and observed births (10,000 iterations each) giving 10,000 values of the log likelihood ratio. The proportion of these values that exceeded the value obtained from the real data were used to estimate the P value. The calculated log likelihood ratio (43.6132 ϭ Ͼ10
Ϫ12
) is highly significant. We reject the null hypothesis that the chance that a father has a child with sporadic achondroplasia is proportional to his sperm G1138A mutation frequency at the time of conception. The same analysis was carried out by using only the USC or only the LLNL sperm donor data (see Table 3 , which is published as supporting information on the PNAS web site, for the cohort-specific age distributions). In each case the null hypothesis is also rejected (log likelihood ratio for USC ϭ 36.7392 ϭ 1.98 ϫ 10 The corrected prediction substitutes counts Ͻ15 with zero counts for donors Ͻ40 years old and counts Ͻ15 with 15 counts for donors Ն40 years.
Discussion
The lifelong spermatogonial stem cell replications have been suggested as an explanation for an increase in the frequency of mutant sperm that results in the increased incidence of sporadic achondroplasia with paternal age (1, 2, 4) . A mathematical discrepancy between the cell replication model based on a linear equation to calculate the number of spermatogonial stem cell divisions (4, 26) and the exponential rise in sporadic achondroplasia with paternal age (1, 2, 4, 7, 10) has been pointed out (1, 2, 4, 7). Of course, other age-related mutation mechanisms that do not depend solely on premeiotic cell replications may be responsible for the birth data. However, no matter what the mutation mechanism, our direct measurement of the G1138A mutation frequency in sperm appears to rule out the idea that an age-dependent increase in sperm containing the GC-to-AT transition mutation at position 1138 explains the rapid rise in incidence of sporadic achondroplasia with paternal age (Fig. 3) . Below, we discuss six possibilities that might account for this inconsistency.
Y Fathers of children with sporadic achondroplasia could form a subgroup with distinct mutation properties (because of genetic or environmental factors) compared with our sperm donors. To address this possibility, we studied sperm DNA from four men who fathered a child with achondroplasia. When matched for age to the appropriate sperm donor age group, two (ages 31 and 32) fell within the observed 95% C.I., a third (age 35) had counts that exceeded, by 2-fold, the upper bound of the 95% C.I., whereas the oldest father (age 51) had counts below the lower bound of the 95% C.I. Although the data suggest that fathers of sporadic cases are representative of our sperm donors, the sample size is small. Additional studies will be needed before we can exclude the possibility that population heterogeneity is the explanation for the discrepancy between our mutation data and the achondroplasia paternal age effect. Y As yet unappreciated ascertainment biases in the population studies may have overestimated the magnitude of the age effect for the fathers of sporadic achondroplasia cases. Y An age-related sperm donor sampling bias could underestimate an age trend in the G1138A frequency data although we can already exclude racial background as a source of bias between young and old donors in both study groups.
Y Our PCR assay is clearly biased toward overestimating the number of mutants in individuals with Ͻ15 counts (Fig. 1) . Among the 118 sperm donors, 24 had Ͻ15 counts. To assess the impact of this bias, the age distribution of sperm donors expected to father children with sporadic achondroplasia was again compared with the actual age distribution after making a correction to the counts of all individuals with Ͻ15 G1138A mutants ( Table 1) . This correction favored the null hypothesis because it lowered the counts in the youngest age groups and increased the counts in the older age groups. Thus, for ages Ͻ40 we set counts Ͻ15 equal to 0, while for ages Ͼ40 we set counts Ͻ15 equal to 15. Despite this severe correction the null hypothesis was still rejected (log likelihood ratio ϭ 20.7268 ϭ 0.0033). The data from the USC and LLNL cohorts were also examined individually by using the same correction (see Table  3 ). Despite the lower sample size, the USC cohort gave a log likelihood ratio ϭ 25.1466 (ϭ 3.21 ϫ 10 Ϫ4 ). The LLNL cohort gave a log likelihood ratio ϭ 10.6348 (ϭ 0.100). Our rather extreme correction is exacerbated in the LLNL cohort because the 18-to 24-year-old category contains only six individuals and all but one of them have Ͻ15 counts. Y Our results would be formally consistent with the null hypothesis if there was an age-dependent exponential increase in the formation of germ-line premutagenic lesions (16) at the G1138A site that are neither converted to a full mutation or repaired before fertilization (27) . One obvious candidate for such a premutagenic lesion is an unrepaired G͞T mismatch resulting from deamination of 5-methyl cytosine (16) . The cytosine at base pair 1138 is highly methylated in sperm (data not shown and ref. 28) . A single sperm with a G͞T mismatch would produce PCR product in our assay. However, the observed counts from a population of such sperm would be half of that produced by the same number of sperm carrying A͞T transition mutations. A second possible premutagenic lesion contains an apyrimidinic (AP) site on one strand caused by removal of a thymine at a GT mismatch by a glycosylase (16) . Taq polymerase is known to pause significantly opposite an abasic site (29) and primers with an internal abasic site can be extended but the extension products are poorly copied during PCR (30) . Also, exposure to high temperatures during PCR may lead to strand breaks at abasic sites. It is likely therefore that after the first two steps of our assay, the products from sperm containing a G͞AP lesion would be far less than that from an equal number of mutant sperm carrying the AT bp leading to a significant underestimate of the frequency of this premutagenic lesion. Is there any evidence that premutagenic lesions in sperm can lead to achondroplasia? If unrepaired immediately after zygote formation, sperm carrying a G͞T lesion would produce a mosaic embryo (ϩ͞ϩ and ϩ͞G1138A) after the first cell division. If a G͞AP lesion is converted to a G͞T or G͞G mismatch after zygote formation the embryo can become mosaic for an G1138A or G1138C mutation, respectively, after the first cell division. The G1138C mutation is found in Ϸ2% of all sporadic achondroplasia cases (14) . Because individuals with the achondroplasia phenotype that have been reported to be mosaic for the G1138A mutation are exceedingly rare (reviewed in ref. 31 ), cases of sporadic achondroplasia caused by the above repair patterns of premutagenic lesions are likely to be infrequent. On the other hand, sperm carrying a G͞T premutagenic lesion could lead to achondroplasia if the G was replaced by an A immediately after zygote formation. The other immediate repair alternative would lead to a WT embryo. Virtually nothing is known about the relative likelihood of the repair alternatives before the first zygotic cell division in early mammalian embryos. Y Finally, the discrepancy between the observed G1138A mutation frequency and the achondroplasia paternal age effect Fig. 3 . Age-dependent fold increase in the frequency of the G1138A mutations in sperm DNA (F) and sporadic achondroplasia cases (9, 11) (OE). Birth values are based on the observed-to-expected ratio of sporadic achondroplasia cases for fathers in different age groups (7) . In each plot, the value for the youngest age interval is taken as 1 and divided into the values for the remaining age intervals to calculate the fold change. The plot was constructed by drawing a line between adjacent points.
might be explained by selection. The G1138A mutation leads to an increased tyrosine kinase activity of FGFR3 protein and influences downstream signal transduction mediated by the Ras-mitogen-activated protein kinase-dependent and͞or STAT1 signaling pathways, resulting in a variety of possible biological consequences (32) . FGFR3 protein is found in all adult human male germ cells except elongating spermatids (33) . The germ cells of the fetal, immature, and adult rat testis exhibit cell-and stage-specific localization of FGFs and FGFRs (including FGFR3 IIIc), which has been taken to imply that signaling via FGF ligands and receptors is spatially and temporally regulated in this organ (34) . Although highly speculative, mature sperm derived from cells carrying the FGFR3 achondroplasia mutation may have a selective advantage for sperm motility or capacitation in utero. The molecular mechanisms involved in capacitation are not well known, but protein phosphorylation on tyrosine residues appears to be important (35) and relevant given FGFR3 function. To explain the paternal age effect, any selective advantage would have to increase with age perhaps in association with known changes that occur in the male reproductive system during normal aging (36) .
All population studies of achondroplasia have documented a paternal age effect (1, 2, 4, 7, 9-11). The most recent detailed statistical analysis of sporadic achondroplasia (7) confirmed the paternal age effect but could not eliminate an additional influence of maternal age. An effect of the mother's age is unexpected because it has been proven that the mutations originate in the father's germ line (17) . A maternal influence could be explained by selection. Embryos carrying G1138A might have an advantage for implantation in older mothers, perhaps in response to age-related changes in hormone levels. Examination of the pregnancy records of unaffected women married to affected men might be used to test this idea.
A particularly striking parallel to the achondroplasia mutation is found in Apert syndrome. This dominantly inherited condition is caused by either one of two specific nucleotide substitutions in the FGFR2 gene that arise almost exclusively in males by de novo mutation. The magnitude of the Apert syndrome paternal age effect is almost the same as achondroplasia (1, 2, 7, (37) (38) (39) .
Apert syndrome and achondroplasia share an unusual feature that is independent of any paternal age effect. Based on the population incidence of sporadic cases (10, (18) (19) (20) 38) , both conditions have exceptionally high mutation frequencies (1͞15,000-1͞70,000) when compared with what is known about other single nucleotide substitutions at CpG sites (40) . This high rate led to the original idea of a DNA mutation hot spot (14, 15, 37, 41) . Selection for cells carrying these mutations during the germ-line mitotic divisions was also mentioned as an alternative possibility for the high mutation frequencies (41, 42) . Indirect support for selection comes from contrasting the virtually exclusive male origin of the de novo Apert syndrome and achondroplasia mutations with the relatively small (1.7-to 5-fold) male bias in nucleotide substitutions seen in neutral regions during primate evolution (3, 8) .
The particular biochemical functions of FGFR genes make it easier to understand how certain mutations might provide a selective advantage in fertilization, implantation, or mitotic germline divisions. Some de novo gain-of-function mutations affecting other biochemical pathways might also provide a selective advantage under similar circumstances although these might be missed if selection did not vary with either parental age or sex.
